Respiratory syncytial virus (RSV) belongs to the Pneumovirus genus of the Paramyxovirus virus family. RSV is the leading cause of virus-induced lower respiratory tract disease among infants and children (6, 21, 26) and is the most common pathogen found in children under 5 years of age admitted to the hospital. Essentially every child develops an RSV infection during the first 2 years of life, and recurrent infections are common (20, 24, 42, 44) . RSV is especially serious in premature infants and children with bronchopulmonary dysplasia or congenital heart disease. Additionally, in recent studies, RSV was the most common virus identified in the middle-ear fluid of children suffering from acute otitis media (25, 43) . RSV infection has also been implicated in the development of childhood asthma and other long-term conditions involving pulmonary dysfunction (54-56).
Respiratory syncytial virus (RSV) belongs to the Pneumovirus genus of the Paramyxovirus virus family. RSV is the leading cause of virus-induced lower respiratory tract disease among infants and children (6, 21, 26) and is the most common pathogen found in children under 5 years of age admitted to the hospital. Essentially every child develops an RSV infection during the first 2 years of life, and recurrent infections are common (20, 24, 42, 44) . RSV is especially serious in premature infants and children with bronchopulmonary dysplasia or congenital heart disease. Additionally, in recent studies, RSV was the most common virus identified in the middle-ear fluid of children suffering from acute otitis media (25, 43) . RSV infection has also been implicated in the development of childhood asthma and other long-term conditions involving pulmonary dysfunction (54) (55) (56) .
RSV is also a significant etiologic agent in the elderly (17, 18, 42, 65) . In this population, RSV infection manifests as a flulike illness that can be misdiagnosed as influenza (39, 46) . A recent epidemiology study illustrates the impact of RSV on mortality. In that study it was estimated that in the United States Ͼ17,000 deaths/year are attributable to RSV infection, with Ͼ78% of these deaths occurring in persons over 65 years of age (62) . Patients in nursing homes are at greatest risk, with outbreak rates measured as high as 40% (39, 58) . For adults, RSV infection is most dangerous in immunosuppressed patients, as it is life threatening. For instance, in bone marrow transplant patients, there can be progression to severe lower respiratory pneumonia, leading to high mortality rates (16, 20, 38) . Recent data also suggest that RSV is a significant pathogen in healthy adults, with one study showing that 43% of the adults with confirmed RSV infections missed work for periods of up to 2 weeks (12, 19, 44) .
At present, the only clinically approved therapeutic agent against RSV is aerosolized ribavirin (Virazole). However, this drug is of limited use due to its mode of administration, among other issues (22, 52) . In addition, a humanized monoclonal antibody, Synagis, has been approved for prophylactic use (52) . However, its use is restricted to high-risk children up to 2 years of age.
Recently, a number of small-molecule inhibitors of RSV infection in cell culture have been described (27, 33, 41, 60 ; K. Andries et al., Abstr. 40th Intersci. Conf. Antimicrob. Agents Chemother., abstr. 130, 2000) . Interestingly, although these small molecules show little structural homology with each other, three of these compounds have been reported to inhibit RSV in a similar fashion, by interfering with virus-cell membrane fusion (27, 41 ; Andries et al., 40th ICAAC). However, none of these compounds exhibited pharmacokinetic properties that would allow for oral dosing. We have identified a series of small-molecule RSV inhibitors from the proprietary compound library at Bristol-Myers Squibb. Following a synthetic chemistry effort, BMS-433771 was generated as a potential drug candidate. Unlike other small-molecule RSV inhibitors, BMS-433771 has pharmacokinetic properties that allow for oral efficacy in an in vivo animal model of infection.
MATERIALS AND METHODS
Compounds. BMS-233675 (47, 48) was the original lead compound identified from the screen of the Bristol-Myers Squibb proprietary chemical deck. BMS-433771 and BMS-243458 were prepared by the Medicinal Chemistry group at Bristol-Myers Squibb. Bis(5-amidino-2-benzimidazolyl)methane (BABIM), a known inhibitor of RSV, was synthesized by a previously published procedure (64) (Fig. 1) . For in vitro experiments, all compounds were dissolved in dimethyl sulfoxide to a concentration of 20 mM.
RSV growth. All tissue culture reagents were obtained from GIBCO/BRL (Grand Island, N.Y.). HEp-2 cells and the Long, A2, and B Wash/18537/62 (BWash) RSV strains were obtained from the American Type Culture Collection (Manassas, Va.). HEp-2 cells were propagated at 37°C in Dulbecco's modified Eagle's medium (DMEM) supplemented with heat-inactivated 10% fetal bovine serum (FBS), 200 U of penicillin G per ml and 200 g of streptomycin per ml (PEN-STR), and L-glutamine (Glu). Human RSV laboratory stains and clinical isolates were propagated on 85% confluent HEp-2 monolayers in DMEM supplemented with 2% FBS, PEN-STR, and Glu. Cells were infected at a multiplicity of infection (MOI) of 0.002 to 0.01 PFU/cell. Infectivity was monitored by examining the cell monolayers for cytopathic effect (CPE) and the appearance of syncytia. RSV was harvested when sufficient cytopathology was observed, usually at 4 to 6 days postinfection. Clinical isolates of RSV were obtained from Ann Falsey (University of Rochester) or Peter Wright (Vanderbilt University). After amplification the viral titers ranged from 1.0 ϫ 10 6 to 2.5 ϫ 10 7 PFU/ml, as determined by plaque assays with methylcellulose overlays.
Plaque titration of RSV. Virus titrations were performed on ϳ85% confluent HEp-2 monolayers in 35-mm 2 tissue culture dishes. Monolayers were rinsed with phosphate-buffered saline (PBS) and infected with 100 l of diluted virus stock. Following 1 h of adsorption, the dishes were carefully overlaid with 2 ml of minimal essential medium (MEM) supplemented with 2% FBS, PEN-STR, and Glu containing 0.75% methylcellulose (4,000 cP) and an additional 0.1% NaHCO 3 . At 6 days post infection, the overlay was removed and the infected monolayers were stained with 0.2% crystal violet in 25% methanol for 2 h, followed by gentle rinsing. During examination of compound efficacy, the compound was present in both the inoculum and the methylcellulose overlay.
Assay for cell protection against RSV. An assay for cell protection against RSV was used to screen for compounds that inhibit RSV-induced CPE in tissue culture. The RSV Long strain was used to infect HEp-2 cells that were seeded in flat-bottom 96-well plates at 1.5 ϫ 10 4 cells/well, and cell viability and cytotoxicity were examined by determination of the ability of cell mitochondria to metabolize 3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyltetrazolium bromide (MTT), as described previously (49) . All assays were run in quadruplicate, and a series of uninfected HEp-2 cells containing test compounds were run in parallel to assess the cytoxicities of the test compounds. MTT was added to the cells following a 6-day incubation, at which time complete cell death was observed for the cells in control wells with virus-infected cells.
The cell protection assays with other viruses used a similar protocol, with specific modifications based on virus type. For influenza virus, Madin-Darby bovine kidney (MDBK) or Madin-Darby canine kidney (MDCK) cells were used. Influenza virus A/WSN/33 was added to wells in 100 l of medium at an MOI of 0.002, and MTT incorporation assays were conducted after a 3-day incubation at 37°C (36) . Rhinovirus (human rhinovirus type 16), vesicular stomatitis virus (VSV; Indiana strain), and poliovirus were assayed with H1-HeLa cells plated into black, clear-bottom 96-well plates (nontreated) at MOIs of 0.1, 0.01, and 0.1, respectively. Cell viabilities in assays with these three viruses were measured by Alamar Blue (Biosource International, Camarillo, Calif.) reduction. Following appropriate incubation periods, each well of the plates was incubated with 20 l of Alamar Blue for 5 h at 34°C, and the results were read on an LJL microplate reader equipped with a dichroic 561-rhodamine filter (Molecular Devices, Sunnyvale, Calif.). The plates were processed at 3 days postinfection for rhinovirus and at 2 days postinfection for VSV and poliovirus. For human immunodeficiency virus (HIV), MT-2 cells were used along with the T-cell-tropic LAI strain of HIV at an MOI of 0.001 in DMEM supplemented with 10% FBS, PEN-STR, and Glu. Following a 5-day incubation at 37°C, antiviral activity was measured by harvesting cell media and quantitating HIV by determination of reverse transcriptase activity (51) . Cytotoxicity was assessed by the standard MTT assay (49) .
Viral protein expression assay. Generation of resistant viruses. Resistant RSVs were generated through serial passages (MOIs, 0.01 to 0.1) of the wild-type Long strain in liquid medium successively containing 1, 2, 5, 10, 20, and 40 g of test compound per ml. Resistant viruses were plaque purified on HEp-2 monolayers overlaid with 0.75% agarose containing 5 g of compound per ml. Individual plugs containing single plaques were removed with a pipette tip and amplified in T-150 flasks with or without 1 to 2 g of test compound per ml. Viruses resistant to BMS-233675, BMS-243458, or BABIM were generated (Fig. 1) .
Genotypic characterization of resistant viruses. Genomic RNAs from wildtype and resistant viruses were obtained from infected HEp-2 monolayers through cell lysis, phenol extraction, and ethanol precipitation (1) . Viral RNAs were reverse transcribed and amplified by PCR with primers specific for the fusion (F) protein, short hydrophobic (SH) protein, and the glycoprotein (G protein). Multiple individual clones of each gene were isolated and sequenced. In addition, the reverse transcription-PCR gene product was sequenced directly to obtain a consensus sequence. poxvirus MVA, which expresses the bacteriophage T7 polymerase, was obtained from Bernard Moss (National Institutes of Health). Isolation of a rescued virus by use of transfected full-length RSV DNA, various T7 polymerase-based RSV protein expression plasmids, and the MVA vaccinia virus was performed exactly as described previously (8) . The infectious clone was modified to contain the single lysine-to-arginine change at amino acid 394 of the F protein that was found in a resistant virus. In order to do this, a unique BssHII sequence was inserted at nucleotide 7317 of the infectious clone. This was accomplished by altering the nucleotides at positions 7317 (C to G), 7318 (A to C), and 7320 (A to C) to create the BssHII site without changing the amino acid coding sequence. The identical BssHII site was also inserted into the cloned 458R7 F-protein gene, which contains a lysine-to-arginine mutation at amino acid 394. A 1,706-nucleotide fragment created through a unique StuI restriction site (present at nucleotide 5611 of the full-length clone) and the BssHII site was recovered from the modified 458R7 F-protein gene and used to replace the homologous BssHII-StuI fragment in the modified D53 full-length clone. This created an infectious fulllength clone with only one amino acid difference (K394R) from the sequence of the wild-type BMS-433771-sensitive virus, designated the RSV A2 K394R transfectant.
Mouse model of RSV infection.
The inbred BALB/c mouse host model of RSV infection (2, 61) was used to examine BMS-433771 for in vivo efficacy. The compound was tested by oral administration to female BALB/c mice (age, 6 to 10 weeks; weight, between 18 and 22 g). BMS-433771 was dissolved in a solution of 50% polyethylene glycol 400 (Sigma, St. Louis, Mo.) in water. The mice were dosed by oral gavage with 0.2 ml of solution in water 1 h before virus inoculation. To initiate RSV infection, the mice were anesthetized by intraperitoneal injection of ketamine (70 mg/kg of body weight) and xylazine (20 mg/kg) and were inoculated via the intranasal route with 10 5 50% tissue culture infectious doses (TCID 50 s) of the Long strain of RSV in 50 l of cell culture medium.
At 4 days after RSV infection, the mice were euthanized by CO 2 asphyxiation. Excised lungs were prepared as homogenates (10%; wt/vol) in Hanks balanced salt solution containing 0.21 M sucrose, 25 mM HEPES, and 5 mM sodium L-glutamate supplemented with 20 U of penicillin G per ml, 20 g of streptomycin per ml, and 0.05 g of amphotericin B per ml (GIBCO/BRL). Lung homogenates were frozen on dry ice and thawed to release cell-associated virus and were then held on ice until clarification by centrifugation at 300 ϫ g for 10 min at 4°C. For TCID 50 determination, lung homogenate samples were titrated for RSV infectivity in HEp-2 cells. Each test sample was assayed in quadruplicate sets of serial threefold dilutions in serum-free MEM supplemented with 10 mM HEPES buffer, 2 mM sodium L-glutamine, 10 U of penicillin G per ml, 10 g of streptomycin per ml, and 0.025 g of amphotericin B per ml. Each 100-l sample dilution was plated onto HEp-2 cells in flat-bottom 96-well polystyrene plates (Corning, Acton, Mass.). An additional 100 l of supplemented MEM containing 5% (vol/vol) fetal calf serum was added to each well. After 6 days of incubation, 65 l of supernatant from each well was transferred, in a replicaplate format, to fresh 96-well microculture plates of HEp-2 cell monolayers containing 50 l of serum-free supplemented MEM. Following 90 min of incubation at 37°C, 100 l of supplemented MEM containing 5% (vol/vol) fetal calf serum was added to each well and the cultures were incubated for an additional 6 days. This transfer provided an additional amplification of virus and allowed for massive syncytium formation after 4 days of incubation, with cell death evident by day 6. The replica plates were stained and fixed with a solution of crystal violet dye and formalin (0.05% crystal violet, 7.4% formalin, 20% ethanol). The dyefixative mixture was left on the cells for at least 20 min and was removed by gentle rinsing with water. The dye remaining in the wells was dissolved in 200 l of a 33% acetic acid solution and quantitated by measuring the absorbance at 590 nm with an automated spectrophotometer (SpectraMax 250). From the comparison of the absorbance readings of these wells with those of control wells, the endpoint dilution of each test sample titration that achieved the TCID 50 was determined by using the SOFTmax PRO Macintosh Microplate Analysis Software applications system (Molecular Devices). The final RSV titers in the lung were calculated as the log 10 TCID 50 per gram of lung. The lower limit of detection for this assay was ϳ2.5 log 10 TCID 50 per g of lung.
Nucleotide sequence accession numbers. The RSV Long strain fusion protein nucleotide sequences for BMS-433771-resistant and wild-type viruses were submitted to GenBank and have been given accession numbers AY330611, AY330612, AY330613, A330614, AY330615, and AY330616.
RESULTS
Identification and in vitro activities of RSV inhibitor compounds. The ability to protect HEp-2 cells from a virus-induced CPE was used as a means to screen the Bristol-Myers Squibb proprietary compound deck for inhibitors of RSV. Agents that inhibit the growth of RSV are able to protect HEp-2 cells from the CPE generated by replicating RSV in this 6-day assay. From this screen, BMS-233675 ( Fig. 1 ) was identified as an inhibitor of RSV-induced cytopathology. The effective concentration of compound yielding 50% protection (EC 50 ) in the assay was calculated to be 0.34 M, whereas the 50% cytotoxic concentration (CC 50 ) was 84 M (Fig. 2) . Ribavirin, the only agent approved for use for the treatment of RSV infection, had an EC 50 and a CC 50 in this assay of 2.7 and 34 M, respectively (data not shown).
By using BMS-233675 as a starting point, a chemistry initiative was undertaken in an attempt to increase the potency of this series against RSV and to optimize various parameters required for development of the compound as an antiviral agent for use by humans. The initial structure-activity relationship of the benzotriazole series exemplified by BMS-233675 has been reported previously (67) , and additional reports are in preparation. These studies resulted in the identification of BMS-433771 (Fig. 1) as a potential clinical candidate. In dose titration experiments, BMS-433771 was able to protect HEp-2 cell cultures from RSV Long strain-induced CPE with an EC 50 of 12 nM (Fig. 3A) . The relative CC 50 required for reduction of cellular MTT metabolism in the absence of virus was Ͼ218 M, the highest concentration tested (data not shown).
The cell protection assay for RSV is an indirect assay, since it examines the health of the infected cell. In order to directly examine viral replication, a virus-specific protein-radiolabeling assay was used. In this assay, the extent of viral protein expression was measured after single or multiple cycles of replication through metabolic labeling, radioimmunoprecipitation, and quantitation of the RSV matrix protein. This assay was found to be highly reproducible, and the results correlated well with those of the cell protection assay. By this assay, BMS-433771 inhibited RSV Long strain protein expression in infected cells in a multiple-cycle assay, with an EC 50pro of 13 nM (Fig. 3B) .
BMS-433771 was also examined for its activity against RSV in plaque reduction assays. Compounds were added to cells infected with RSV (ϳ50 PFU) and overlaid with methylcellulose for 5 days before crystal violet staining and analysis. The Activities of BMS-433771 against laboratory and clinical isolates. All of the experiments described above were performed with the Long strain (subgroup A). In order to examine the spectrum of activity of BMS-433771 against multiple RSVs, representatives of both the A and the B subgroups were obtained and analyzed in the viral protein expression assay. BMS-433771 was efficacious against laboratory strains A2 and B Washington, with EC 50pro s of 10 and 18 nM, respectively (Table 1). In addition, BMS-433771 showed appreciable activities against eight clinical isolates (six subgroup A isolates and two subgroup B isolates), with EC 50pro s ranging from 9 to 50 nM ( Table 1 ). The average EC 50pro for the 11 viral strains was 20.4 nM.
Selectivity of BMS-433771 against various viruses. In order to examine the specificity of BMS-4337771, efficacy experiments were performed with a number of related and unrelated viruses. These included parainfluenza virus type 3, Sendai virus, VSV, influenza A virus (WSN strain), human rhinovirus, HIV, and poliovirus. When the activity of BMS-433771 was examined in either cell protection or viral protein expression assays with these viruses, BMS-433771 did not exhibit any inhibitory activity at the highest concentrations examined (Table 2). The highest concentrations used range from 2,000-to 16,000-fold above the EC 50 of BMS-433771 for the Long strain of RSV. The results demonstrate that BMS-433771 is a specific inhibitor of RSV. Additionally, since tests with these viruses were conducted in four separate cell lines, cytotoxicity values for BMS-433771 in these cells were also measured. BMS-433771 did not exhibit significant cytotoxicity in any of the cell lines in which it was evaluated, with the CC 50 s being greater than the maximum concentrations examined (Table 2) .
BMS-433771 is a reversible inhibitor of viral fusion. Experiments were carried out with BMS-433771 to determine the mechanism of action of the compound in cell culture. Timeof-addition experiments with high viral MOIs (2 to 10 PFU/ cell) illustrated that BMS-433771 is an inhibitor of an early step of viral infection (Fig. 4) . The readout in these experiments was the expression of virus-specific proteins at 16 h postinfection. The EC 50pro obtained when BMS-433771 was added at the onset of Long virus infection in single-cycle replication studies was ϳ20 nM (data not shown). However, at a concentration of 5 M (250 times the EC 50pro ), BMS-433771 was efficient at inhibiting viral protein synthesis only when it (Fig. 4A, lane B) . When 5 M compound was added at 2 or 4 h postinfection at 37°C, poor inhibition of viral protein expression was observed (Fig. 4A , lanes C and D, respectively). Ribavirin addition resulted in equivalent inhibition whether the compound was added at the time of infection or at 2 or 4 h postinfection at 37°C (Fig. 4A , lanes E to G). This outcome would be expected for ribavirin, which ultimately exerts its inhibitory effects at the stage of viral transcription, a postentry event (10) . When an enveloped virus infects cells at 4°C, the virus can still bind to cellular receptors, but the low temperature prevents viral fusion (28, 45) . This allows discrimination of the mechanism of action of BMS-433771 between a mechanism of virus adsorption and one of membrane fusion. Reversibility experiments were performed by adding BMS-433771 along with RSV to HEp-2 cells and incubation for 3 h at 37°C. The cells were then placed at 4°C and washed five times with 2 ml of cold PBS to remove the BMS-433771. Finally, the dishes were incubated with 2 ml of either fresh medium or medium with anti-RSV antibody (20 g) for 30 min at 4°C before the dishes were returned to 37°C. The cells were radiolabeled with [ 35 S]methionine 16 h later to determine the extent of viral infection. As expected, treatment with BMS-433771 without washing or with anti-RSV antibody was able to significantly inhibit viral protein expression (Fig. 4B, lanes B and C, respectively) . However, viral replication is essentially reversible when BMS-433771 is washed out after 3 h (Fig. 4B, lane E) . Also, if BMS-433771 was washed out after 3 h and anti-RSV antibody was added at that time, viral protein expression was inhibited to an extent similar to that detected in control samples (Fig.  4B, lane G) . This strongly suggests that BMS-433771 does not inhibit virus adsorption, because if it had, the input RSV would have been removed during the washing step, making the reversal of viral inhibition impossible. On the other hand, a fusion inhibitor would permit viral binding, and if the binding were reversible, the compound would be washed away, thereby allowing the infection to proceed (Fig. 4B, lane E) . In addition, since RSV infection can still be blocked by the addition of anti-RSV antibody once BMS-433771 is removed (Fig. 4B Other experiments were performed to further elucidate the mechanism of inhibition of BMS-433771. HEp-2 cells were infected with virus and incubated at 4°C for specified times. BMS-433771 was added at various times postinfection, and cells were shifted to 37°C for 16 h before being processed. BMS-433771 can inhibit RSV replication during single-cycle infection if it is added at 0, 2, or 4 h postinfection at 4°C (Fig.  4C, lanes B, C, and D, respectively) . This is in contrast to the results of the experiment performed at 37°C (Fig. 4A) , in which inhibition was observed only at the zero time point. This result indicates that BMS-433771 can still inhibit fusion after virions have bound to cellular receptors. Ribavirin, on the other hand, exhibits inhibition when it is added at the time of infection or at 2 or 4 h infection at either 4°C (Fig. 4C , lanes E to G) or 37°C (Fig. 4A , lanes E to G).
BMS-433771 inhibits RSV-induced syncytium formation.
A characteristic of RSV infection in vitro is that infected cells fuse with adjacent infected or uninfected cells to form giant syncytia (Fig. 5B) . If BMS-433771 is an inhibitor of virus-cell fusion during early infection, it should also be an inhibitor of late-stage cellular fusion, which results in syncytium formation. In order to properly examine the effects of BMS-433771 on syncytium formation, BMS-433771 was added at 16 h postinfection to ensure that it had no effects on viral entry or other early steps in replication. When 25 or 250 nM BMS-433771 was added to infected cells at 16 h, complete inhibition of RSVinduced syncytium formation was observed (Fig. 5C and D,  respectively) , showing that it inhibits F-induced membrane fusion.
Isolation and genotype mapping of BMS-433771-resistant virus. RSV expresses three identified envelope proteins (the F protein, the G [attachment] protein, and the SH protein) that may be involved in viral entry. Resistant viruses were generated in an effort to determine the molecular target of our chemotype. Viruses were isolated through multiple passages in HEp-2 cells in the presence of increasing concentrations of compound (BMS-233675, BMS-243458, or BABIM) (Fig. 1) . BMS-243458 is an early synthetic analog within the series. BABIM is a previously reported fusion inhibitor that shares several common structural elements with this particular series (13, 14, 64) . Five viruses in which resistance was generated with these three inhibitors were examined for cross-resistance to BMS-433771. All viruses exhibited significant resistance to BMS-433771 (Table 3) .
In order to further characterize these resistant viruses, the genes for the F, G, and SH proteins from independent drugresistant viruses were amplified by a reverse transcription-PCR. Both amplified cDNA and independent clones from each resistant virus were sequenced. No amino acid changes were detected in any of the genes for the G protein or the SH protein of the resistant virus sequenced compared to the sequence of the wild-type Long strain. Sequencing of the Fprotein genes from the resistant and wild-type Long viruses revealed that all resistant viruses contained single amino acid changes in the F1 subunit of the F protein compared to the sequence of our wild-type Long strain (Table 3) . It should be noted that our wild-type Long F-protein gene contained two amino acid changes compared with the sequence of the Long F-protein gene entered in GenBank. One change was from Pro to Ser at amino acid 101, and the other was from Ala to Val at amino acid 442.
Among the resistant viruses, the Lys-to-Arg change at amino acid position 394 (K394R) was found within the cysteine-rich domain of the F1 subunit. The amino acid changes found in the F-protein genes of other resistant viruses included a F140I or V144A changes, which were located in the fusogenic peptide of the F1 protein, or a D489Y change, which was located in the C-terminal heptad repeat (Table 3) . Although these resistant viruses were initially selected by using either the early inhibitor compounds BMS-233675 and BMS-243458 or the structurally related compound BABIM, they were all shown to possess resistance to BMS-433771, with increases in EC 50 s ranging from 35-fold to Ͼ1,250-fold compared to that for the wild-type Long strain (Table 3) .
In additional studies conducted to prove that a single amino acid change in the F1 gene by itself can induce resistance, the K394R mutation was inserted into an infectious clone of the A2 strain of RSV (8) . This was accomplished through mutagenesis of the infectious A2 clone generated by Collins et al. (8) . The A2 K394R transfectant was rescued and analyzed for susceptibility to BMS-433771. The A2 K394R transfectant vi- on October 14, 2017 by guest http://aac.asm.org/ rus exhibits significant resistance to BMS-433771 (Table 3) . Thus, these experiments provide strong evidence that a single amino acid change in the F1 subunit can impart resistance to BMS-433771, thereby confirming the importance of the F protein in the mechanism of action of the inhibitor. Efficacy in mouse model of RSV infection. The inbred BALB/c mouse host model of RSV infection was used to examine BMS-433771 for its antiviral efficacy in vivo. Cohorts of eight animals were used, and BMS-433771 was administered at a 50 mg/kg/dose twice a day (b.i.d.; total dose, 100 mg/kg) beginning at 1 h prior to virus infection. Infected animals were killed 4 days later, lung homogenates were prepared, and TCID 50 titers were obtained. The infected control cohort, which was treated only with the dosing vehicle, exhibited titers ranging from ϳ3.5 to 4.9 TCID 50 s (log 10 ), with a median TCID 50 of 3.99. In the BMS-433771-treated cohort, viral titers were below the detection limit in five of eight animals. In two other animals, TCID 50 s were just above the detection limit of 2.5, with a single animal exhibiting a TCID 50 titer of 2.85 (Fig.  6) . Thus, oral administration of BMS-433771 in this experiment was able to significantly reduce viral titers in the lungs of RSV-infected mice.
DISCUSSION
An orally bioavailable antiviral agent with activity against RSV could be useful for the treatment of RSV infections in a number of different human subpopulations. Herein we report on the in vitro properties of a new RSV fusion inhibitor, BMS-433771, and the initial finding of the in vivo activity of the compound in the mouse model of RSV infection following oral administration.
BMS-433771 is a highly selective and potent inhibitor of RSV replication in vitro and possesses activities against a broad range of laboratory and human clinical isolates of both the A and the B subgroups of RSV, with an average EC 50 To aid in target identification, several analogs of BMS-433771 were used to generate viruses resistant to this class of fusion inhibitor (Fig. 1) . Mutant viruses selected with these early analogs and BABIM were cross-resistant to the compounds (data not shown) as well as to BMS-433771 (Table  3 ). This suggests that these compounds share a common or overlapping site of action. Analyses of resistant viruses indicate that the molecular target of BMS-433771 is the F1 subunit of the RSV F protein. A rescued transfectant virus containing a single Lys-to-Arg change at amino acid 394 of the F protein exhibited resistance, proving that a single-residue substitution in the F1 subunit alone can impart resistance to BMS-433771 and further confirming the importance of the F protein in the mechanism of action.
Recent reports have described additional RSV fusion inhibitors (27, 41, 60 (27) , have no obvious structural similarity to any of the other compounds. Interestingly, all four RSV fusion inhibitors were identified by using cell culture screens. Cell culture screens for antiviral activity theoretically target multiple pathways throughout the virus replicative cycle. The fact that RSV fusion seems to be specifically targeted in this assay may suggest that fusion inhibitors are significantly easier to detect in this type of screen than inhibitors of other stages of the virus life cycle. One explanation may be that the F protein is more promiscuous than other viral proteins in its ability to bind to small molecules and that the fusion process, in which numerous interactions and conformational changes occur, provides multiple target sites that molecules can functionally inhibit. The variation in the structures of the multiple RSV fusion inhibitors tends to support this view. In addition, with entry inhibitors, compounds need not pass through cell membranes in order to demonstrate antiviral activity in a cell culture screen. It is interesting that reports of cell culture-based screens for influenza virus inhibitors also identified three distinct inhibitors of the hemagglutinin-catalyzed membrane fusion reaction (7, 37, 50, 59) . Single amino acid changes were found in the F-protein genes of all the resistant viruses. These viruses were generated after several passages in the presence of increasing concentrations of compound. All mutations were the result of a single nucleotide change, so it is possible that they were generated as early as the first passage. Interestingly, all of the amino acid changes in the resistant viruses occurred within the F1 subunit. The RSV F protein is translated as a single polypeptide that is enzymatically cleaved into two subunits (subunits F1 and F2) that remain connected via a disulfide bridge (9) . By analogy with the influenza virus HA2 and HIV gp41 proteins, the RSV F1 subunit is responsible for the mediation of membrane fusion (3, 15, 30, 68) . The F1 subunit contains the hydrophobic fusion peptide, which is buried within the molecule in its native state (57) . After F is bound to a receptor, a conformational rearrangement in the F protein exposes the fusion peptide, which inserts into the opposing cell membrane and, through a series of steps that remain undefined, promotes fusion of the viral and host cell membranes (4, 68) . The finding that all resistant viruses possess amino acid changes in the F1 polypeptide complements the mechanism-of-action studies that demonstrate that BMS-433771 inhibits RSV-induced membrane fusion. Additionally, since all of the amino acid changes in the resistant viruses mapped to the F1 subunit, it strongly suggests that the F1 polypeptide is the specific molecular target of BMS-433771.
The F1 subunit contains the amino-terminal fusion peptide that is believed to insert in the host cell membrane during fusion. The F1 subunit also contains the two heptad repeat regions, located at the N and C termini, that are hypothesized to associate in an antiparallel manner, bringing about apposition of viral and cellular membranes during fusion (35, 40, 68) . A potential binding pocket for small inhibitor molecules has been described within a structure of the RSV fusion core obtained through cocrystallization of peptides representing the N-terminal and C-terminal heptad repeats (68) . This pocket is present in the trimer of N-terminal repeats and is occupied by two phenylalanine residues (F483 and F488) from the C-terminal heptad repeat peptides. One of the resistant viruses selected in our study had an amino acid change (D489Y) near this region in the C-terminal heptad repeat. The RSV fusion inhibitors R-170591 and VP-14637 also produced resistant viruses with mutations in the same region (D486N and F488Y for R-170591 and VP-14637, respectively) of the C-terminal heptad repeat region of the F1 subunit (11; Andries et al., 40th ICAAC). Other mutations that resulted in resistance to BMS-433771 map to alternate areas of the F1 subunit, suggesting that changes throughout the F1 subunit can abrogate the inhibition by BMS-433771. Two distinct mutations (F140I and V144A) were found in the hydrophobic fusion peptide, which is the series of amino acids within the N terminus of the F1 subunit involved in host membrane insertion. Also, two additional BMS-433771-resistant viruses have amino acid changes that occur in the cysteine-rich domain (D392G or K394R) found between the heptad repeat regions. The precise function of this region is unknown at present (5). However, other fusion inhibitors induce mutations that map to this area. Resistance to R-170591 can result from an S398L change (Andries et al., 40th ICAAC), while VP-14637 can generate resistant virus with a T400A substitution (11) . The similar substitution patterns in resistant viruses may suggest that these three inhibitors, even though they are quite different in structure, may share similar modes of binding to the F1 subunit. It would be of interest to examine these resistant viruses for cross-resistance to the different RSV fusion inhibitors.
The availability of the mouse model of RSV infection enables examination of potential inhibitors of RSV in vivo. However, the value of animal models of RSV infection as harbingers of human RSV infection remains questionable (18) . Nevertheless, for a new chemical entity with inhibitory activity against RSV in vitro, the mouse model of infection can provide proof of principle for efficacy in vivo and spur interest in further clinical development. In mice, BMS-433771 administered orally at 50 mg/kg b.i.d. beginning 1 h prior to infection significantly reduced the titers of RSV in the lungs of mice. This is the first report of a small-molecule RSV fusion inhibitor with activity in an animal model following oral administration. BMS-433771 has also been shown to have inhibitory activity in the cotton rat model of RSV infection following oral administration (C. Cianci et al., submitted). As for the other RSV inhibitors, BABIM was reported to have antiviral activity in cotton rats after intraperitoneal administration (63) , and R-170591 demonstrated efficacy in vivo after aerosol delivery in rodent models of RSV infection (Andries et al., 40th ICAAC). The efficacy of RFI-641 was shown in three models of RSV infection, but only when it was administered via the intranasal or aerosol route (27, 66) .
A clear demonstration of the clinical significance of inhibition of the RSV F-protein function has been established by using Synagis, the humanized monoclonal antibody directed against the F protein (23, 29, 53) . BMS-433771 targets the same RSV protein and viral function. Biochemical studies demonstrated that BMS-433771 is a specific inhibitor of membrane fusion induced by the viral F protein. Inhibition of membrane fusion is a mechanism of antiviral activity that is being explored for a number of different viruses, including HIV, with the first fusion inhibitor of HIV recently being approved by the Food and Drug Administration (31, 32, 34) . Accordingly,
